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Abstract 
The current study discusses the benefits of combining an integrated, system-wide energy approach with conventional transient 
analyses from the perspective of anticipating, modelling, understanding, and mitigating the negative impacts of transient flows. A 
case study comprising a pumping pipeline demonstrates how an energy approach provides additional perspective and leads to a 
better understanding of the underlying transient behavior, and understanding that can lead to a more efficient selection of protection 
strategy. This study is nicely complementary to conventional approaches, and highlights the insights and checks that are sometimes 
available by using an energy approach to track system transformations and system states. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Organizing Committee of WDSA 2014. 
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1. Introduction 
Concepts relating to energy transformations within both built and natural systems have been some of the most 
fruitful in the history of science and engineering. The property of energy summarizes essential changes in both the 
equilibrium system state and the key interactions between a system and its environment, at all spatial and temporal 
scales. Yet, traditional analyses of unsteady fluid flow – while certainly aware of energy interactions and 
transformations – have been traditionally dominated by considerations of momentum considerations and mass 
conservation. While issues of energy dissipation during transient events have received considerable attention, such 
studies have primarily focused on suitable changes to conventional analyses, such as tweaking the momentum equation 
to account for unsteady friction effects. Analyzing and understanding transient phenomena has certainly been 
challenging for analysts, designer and practitioners, for a number of reasons: the complex governing equations that 
must be solved numerically, complex and dynamic behavior hydraulic devices and operating conditions, and the 
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challenging interpretation of results [1]. Having a simple but accurate framework for quick evaluation would be 
enormously helpful, and this is exactly what the energy method can provide. 
2. An energy approach to studying fluid transients 
The conventional approach to analyzing the transient behavior of pipe networks is dominated by careful 
consideration of the 1D unsteady momentum and continuity equations: 
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where: Q is the conduit discharge (m3/s); H is hydraulic head (m); t is time (s); x is distance along the conduit (m); D 
is the conduit diameter (m); A is the conduit cross-sectional area (m2); f is the Darcy-Weisbach friction factor (unit-
less); ܽ is the acoustic speed of the fluid and conduit system (m/s), and; g is the gravitational constant (9.8 m/s2). 
Equation (1) is the momentum equation and represents the inertial effects of fluid acceleration and deceleration. 
Equation (2) is the continuity equation and represents the effects of fluid compressibility and conduit elasticity. 
Derivation of the governing equations can be found within standard references [2, 3]. 
There have actually been few direct uses of the full energy associated with unsteady flow, though unsteady energy 
dissipation is the exception and has received much attention. For example, Silva-Araya & Chaudhry [4] indirectly 
considered damping effects by using a non-dimensional energy dissipation factor to adjust the friction term in Equation 
(1). Associated model results compared well against experimental data. More recently, Duan et al. [5] investigated the 
effect of conduit visco-elasticity on unsteady energy dissipation. By using the energy relations presented by Karney 
[1], Duan et al. found that what was formerly thought to be turbulent energy dissipation is actually visco-elastic energy 
dissipation. In studying the effects of visco-elasticity and unsteady friction, Meniconi et al. [6] also used the energy 
relations presented by Karney [1], in the form of dimensionless energy quantities, to characterize and compare 
different configurations of a simple pipe system. 
An energy-based approach to studying the transient behavior of pipe networks complements conventional analyses 
by providing an additional perspective. The studies by Duan et al. [5] and Meniconi et al. [6] demonstrate how 
consideration for energy transformations can lead to an improved understanding of the transient behavior of pipe 
networks. While insightful, the aforementioned investigations only focus on unsteady energy dissipation within a 
single pipelines with in-line valves. The current study extends from this by considering energy relations for a pumping 
pipeline with and without protective devices. 
The energy expression for transient closed-conduit flow in a single pipe, as derived by Karney [1], is 
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dt dt
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where U is the internal (elastic) energy, T is total kinetic energy, D’ is the rate of viscous energy dissipation, and W’ 
is the rate at which work is done on the fluid at the ends. Both U and T have units of energy (J) and D’ and W’ have 
units of power (J/s, or W). The individual energy terms in Equation (3) are given by: 
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where ρ is the density of water (1,000 kg/m3), ܸሺܮǡ ݐሻ and ܪሺܮǡ ݐሻ are the velocity and head at ݔ ൌ ܮ, and ܸሺͲǡ ݐሻ and 
ܪሺͲǡ ݐሻ are the velocity and head at ݔ ൌ Ͳ. 
3. Integrating the energy approach with conventional analyses 
From a conceptual perspective, it is sometimes helpful (though somewhat simplistic) to think of pipe networks as 
a system of springs: when the load changes, say the head provided by adding a pump, work is done and the system 
compresses, also increasing both the stress and the stored energy. Creating a demand, by contrast, decompresses the 
system and relieves stress. The governing equations of unsteady-compressible flow provide a mathematical 
description of the transient behavior of pipe networks. In the case of the system of springs, the governing equations 
describe the distribution of stresses (i.e., heads and flows) and how loads are dynamically transmitted across the 
system; however, the governing equations are unable to describe the state of the system as a whole. That is, the 
governing momentum and continuity equations aptly describe the hydraulic behavior of a pipe network but not the 
state of the whole pipe network (e.g., whether a pipe network is at a high or low energy state, whether compressibility 
and/or inertial effects are significant). 
The conceptual analogy of a system of springs illustrates the need for a means of describing the state of a pipe 
network and interpreting analysis results. Use of the energy expression (Equation 3) and calculation of the individual 
terms (Equations 4 through 7) can easily integrated into existing transient analysis software since all of the energy 
terms are readily calculated. From this, the energy expression is useful in describing the total energy and energy 
transformations within a single pipe or pipe network [1]. 
One application of the energy equation is using the individual energy terms to classify flow conditions: 
1. Flow conditions are steady if both the time rate of change in internal energy ܷ݀Ȁ݀ݐ and time rate of change of 
kinetic energy ݀ܶȀ݀ݐ are zero, which means that the rate of viscous energy dissipation D’ and rate of work done 
on the system W’ are equal. 
2. Quasi-steady flow conditions prevail if both ܷ݀Ȁ݀ݐ and ݀ܶȀ݀ݐ are nonzero yet relatively small. 
3. Inertial effects become important (i.e., flow conditions are unsteady-incompressible) when both ܷ݀Ȁ݀ݐ and 
݀ܶȀ݀ݐ are not insignificant and the kinetic energy term is relatively larger than the internal energy term. 
4. Compressibility effects become important (i.e., flow conditions are unsteady-compressible) when both ܷ݀Ȁ݀ݐ 
and ݀ܶȀ݀ݐ are significant. 
The ability to classify flow conditions is of great value when verifying underlying modeling assumptions. For 
example, if flow conditions are shown to be relatively incompressible, an unsteady-incompressible model may be 
sufficient. Even when using a water hammer model, such information is valuable since it may signify that simulation 
results are relatively insensitive to, say, conduit wave speeds. Flow classification is also important when using quasi-
steady models for extended period simulations, which assume that flow changes occur slowly such that inertial and 
compressibility effects are negligible. 
Combining an energy approach with conventional transient analyses is also useful when considering the design 
and installation of protective devices, such as air chambers and combination air release-vacuum breaking valves. In 
the context of energy, protective devices serve as a cushion by absorbing, storing, and/or providing energy to the 
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system. Different protective devices can thus be selected on the basis of the amount of energy capacity, or hydraulic 
capacitance, they provide. To summarize, the energy approach can be beneficial for any or all of the following: 
x Classifying flow conditions to verify underlying modeling assumptions; 
x Displaying transformations between the different forms of energy; 
x Comparing the energy states of different pipe network configurations and operating conditions, and 
x Selecting and comparing the hydraulic performance of different protective devices. 
4. Case studies  
To demonstrate the advantages of supplementing a conventional transient analysis with consideration for energy 
transformations, some examples are presented in the following. 
4.1. Joukowsky equation 
Joukowsky (and others) derived the following equation to calculate the magnitude of the change in head (i.e., 
overpressure) following sudden flow stoppage in a pipe with an initial velocity of V0: 
0
aH V
g
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Considering that the magnitude of the acoustic wave velocity in pipes can be as high as 1,000 m/s, Equation (8) 
states that the sudden stoppage of flow in a pipe with an initial velocity of 1 m/s will induce a pressure head rise of an 
impressive 100 m, a surprising large compared to, say, the stagnation pressure coming from the classical Bernoulli 
equation. Under steady-state flow conditions, the stagnation pressure head associated with an initial velocity of 1 m/s 
is a mere 5 cm. While Equation (8) is useful, its application is limited and it does not convey as much physical insight 
as is required for typical analyses. At the very least, Equation (8) and its derivation are helpful in explaining the water 
hammer phenomenon and conveying the significance of decelerating flows. An alternate explanation of the water 
hammer phenomenon and resulting overpressures can be provided by using an energy approach. For example, consider 
a simple reservoir-pipe-valve system. In this system, a valve closure causing sudden flow stoppage at the valve will 
not immediately affect the discharge from the reservoir because the change in conditions at the valve will not be 
transmitted to the reservoir until a time of L/a. Because the reservoir continues to discharge into the pipe at the initial 
steady-state velocity during this period, water in the pipe compresses. The total amount of water mass that will be 
stored in the pipe during this period is given by 
 0 /dm AV L aU   (9) 
However, because water is only slightly compressible, this change in mass will be accompanied by a drastic increase 
in pressure. This change in pressure is exactly that given by Equation (8). It is shown below that the expression for 
the Joukowsky pressure can be derived independently using the energy approach. Considering that following sudden 
flow stoppage, the kinetic energy of water the column in a pipe is entirely converted into elastic energy, the energy 
equation can be simplified as follows: 
0dU dT
dt dt
    (10) 
The time rates of change of the elastic and kinetic energy of the system can be calculated as follows: 
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By substituting Equations (11) and (12) into Equation (10) and manipulating the resulting expression, the 
Joukowsky equation (Equation (8)) is obtained.  
4.2. Pumping pipelines 
The discussion above illustrates how the compression of water within a pipe due to flow stoppage results in extreme 
water hammer overpressures. Conversely, negative water hammer pressures can accompany the withdrawal of an 
energy source in a system. A relevant example of this a pumping pipeline where removal of the energy source (a 
pump) results in sudden flow stoppage at the energy source while water is continuously discharged at the end of the 
pipeline.The pipeline itself provides the initial energy for the water column to continue moving, but at the expense of 
decreasing pressures with the potential for negative pressures. Negative pressures can be avoided in pumping pipelines 
if there is another energy source, such as an air chamber or pump fly wheel. The performance of different protective 
devices can be evaluated and compared by using an energy metric derived from the energy approach. To demonstrate 
the advantages of supplementing a conventional transient analysis with consideration for energy transformations, 
consider a pumping pipeline connecting two reservoirs with an undulating profile (see Fig. 1a). The upstream reservoir 
is located at a distance of x = 0 m and has a head of 0 m. The downstream reservoir is located at a distance of x = 
5,700 m and has a head of 120 m. The pump station consists of three parallel pumps, each has a rotational inertia of I 
= 3.0 kg-m2 and operates at a speed of ω = 900 rpm, a discharge of Q = 0.39 m3/s, and a head of Hp = 131.4 m. The 
pipeline has a length of L = 5,700 m, a diameter of D = 1,000 mm, a Darcy-Weisbach friction factor of f = 0.018, and 
a wave speed of a = 1,000 m/s. The transient-initiating event of interest is a power failure of the pump. Two design 
options are considered for protecting the system against negative pressures: (1) installing an air chamber immediately 
downstream of the pump, or (2) installing a flywheel on the pump to increase its rotational inertia. A water hammer 
model that employs the method of characteristics was used to simulate the transient behavior of the pumping pipeline 
for both options. The following two sections present the details for each option as well as the simulated transient 
hydraulics. For Option 1, an air chamber is installed immediately downstream of the pump. The air chamber has an 
initial volume of air of 10 m3 and was modeled using the polytropic law with a polytropic exponent of 1.2. A trial and 
error procedures identified an initial volume of air 10 m3 was selected since this volume provides sufficient protection 
against negative pressures. Analysis results in the form of the minimum and maximum pressure head envelopes (Fig. 
1a) and an air chamber volume and pressure (Fig. 1b) are provided below: 
 
 (a)   (b)   
 
Fig. 1: (a) Minimum and maximum head envelopes for option 1 (air chamber); (b) air chamber pressure and volume time histories 
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Note that the air chamber head time history (Fig. 1b) is representative of the head at the pump discharge. In order 
to examine the insights of the energy method, the total amount of energy entering and leaving the pumping pipeline 
are first compared over the time period during which the water column is brought to rest in the first transient cycle 
(i.e., from time t = 0 to time t = L/a). Fig. 1b implies that the water column first comes to a rest at a time of 17.52 s 
when the air volume of the air chamber reaches its maximum of 20 m3 and the air pressure head drops to 51.6 m. 
Analysis results show that during this time period, the total amount of water mass leaving the pipeline is 11.87 m3. To 
calculate the energy associated with this water mass, a reference elevation, Hr , must be defined that relates to the 
potential energy of the water mass. By considering the minimum head at the pump station of 51.6 m as a reference 
level, the potential energy associated with the released water mass can be calculated as: 
      MJHHmgE rSl 86.51120981087.11 |   
If this amount of energy is provided by some protective device rather than the pipe itself, negative pressures are 
avoided. In order to identify these values, the energy released by the air chamber must first be calculated. Consider 
the cylinder in Fig. 2 in which air is compressed by a piston. The energy accumulated in the air pocket when the air 
volume is reduced to a volume ׊ can be calculated as 
0
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where ௫ܲ is the air pressure when the piston is at distance x from its original position, ܧ௔ is air pocket enrgy, A = 
cylinder cross sectional area. Px can be calculated using the polytropic equation below: 
0
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Fig. 2: Compression of air within a cylinder by a piston 
where ௔ܲ௧௠ is atmospheric pressure, and ߛ  is power in polytrophic equation (assumed 1.2 in this paper). By 
substituting Equation (14) into Equation (13) and integrating, the energy accumulated in the air can be calculated as a 
function of the pressure and the volume of the air: 
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Or, in terms of piezometric head, 
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The energy admitted by the air chamber in the first transient cycle can then be calculated as: 
    MJEE aAC 952,20131,10 |  
This shows that the energy admitted by the air chamber exceeds the amount of energy released at the end of the 
pipeline by 1 MJ. This difference is in fact the energy associated with head losses within the system. This example 
illustrates that the air chamber volume required to mitigate negative pressure in a pumping line can be simply estimated 
using Equation (16). With this, preliminary air chamber sizes can be estimated with ease. Alternatively, the energy 
capacity required to mitigate negative pressures can also be estimated using a rigid water column model. With 
knowledge of the minimum pressure required at the pump station, the pressure head under which the water column is 
decelerated following power failure can be calculated as 
 0.5 pump mindH H H    (17) 
By utilizing the rigid water column hypothesis the deceleration time for the water column is then calculated as 
follows: 
0VLdt
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The energy leaving the pipeline during the first transient cycle can be calculated as 
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where ܪௌ is pump static head, ܪ௣௨௠௣ is pump dynamic head, and ܪ௠௜௡ is minimum head at pump’s location. Using 
Equation (19), the energy leaving the pipe system is calculated as 8.6 MJ which closely agrees with that obtained from 
the numerical analysis, 8 MJ. This shows that the energy approach is a helpful supplement for analytically estimate 
the required size of an air vessel. Additionally, Equation (19) explains how different parameters of a pumping pipeline 
(e.g., pipe length, initial velocity, pipe diameter) affect the energy capacity required to mitigate the occurrence of 
negative pressures. In a more general sense, the above approach illustrates how negative pressures in pumping 
pipelines can be controlled by providing additional energy capacity equivalent to that calculated using Equation (19). 
The additional energy capacity can be provided by means other than air chambers as is demonstrated in the following 
section. 
4.2.1. Option 2 – flywheel 
For Option 2, a flywheel is installed on the pump to increase its rotational inertia and therefore increase its run 
down time. The selected flywheel has a rotational inertia of 997 kg-m2 which results in a total rotational inertia of 
1,000 kg-m2. Similar to the selected air chamber size, this size of flywheel mitigates the occurrence of negative 
pressures. Analysis results in the form of the minimum and maximum pressure head envelopes (Fig. 3a) and head 
immediately downstream of the pump (Fig. 3b) are provided below. The energy admitted to the pipeline by the 
flywheel can be calculated as follows: 
 223 3 997 2 900 / 60 13.3 
2 2f
E I MJZ S  u u   (20) 
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where ܧ௙ is energy embedded in the flywheel, and ߱ is angular velocity of the pump. The energy provided by the 
flywheel exceeds that provided by the air chamber by a factor of 1.5. This discrepancy is because pumps are not 100% 
efficient and inherently have energy losses. The results show that the average efficiency of the pump during the 
transient event is around 68%, which is typical. 
 
 (a)            (b)   
 
Fig. 3: (a) Minimum and maximum head envelopes; (b) pressure head time history  
5. Conclusions 
The conventional approach to analyzing the transient behavior of pipe networks focuses on the governing 
momentum and continuity equations with little direct consideration for energy transformations. An energy approach 
compliments conventional analyses by providing additional insight, as has been demonstrated in studies of unsteady 
energy dissipation [5, 6]. The present study discussed how an energy approach can be combined with conventional 
transient analyses: to delineate and classify flow conditions; observe transformations between the different forms of 
energy, to compare different pipe network conditions and operating states, and to compare the hydraulic performance 
of protective devices. It was also demonstrated that the classical Joukowsky equation can be derived independently 
using the energy approach. A case study of a pumping pipeline was used to illustrate how an energy approach can 
lead to a more complete understanding of transient phenomena. In this case study, two options were considered for 
mitigating the occurrence of negative pressures: (1) installation of an air chamber and (2) installation of a flywheel. 
The energy approach was used to examine results from a water hammer model. From the energy approach was used, 
an analytical expression for sizing the air chamber was derived. In the case of the flywheel, the energy approach served 
to compare the energy capacity that the flywheel provides relative to that of the air chamber. The case study 
demonstrates how the energy approach, coupled with conventional analysis, aids the design and selection of protective 
devices. Regarding future work, one topic of interest is application of the energy approach to larger, more complex 
pipe networks to study the interaction of different hydraulic devices and system configurations. As demonstrated in 
the current study, the energy approach may lead to the discovery of additional analytic formulae that complement 
conventional design and operation analyses. 
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